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Spectral lines are among the most powerful signatures for dark matter (DM) annihilation searches in very-high-energy γ rays. The central region of the Milky Way halo is one of the most promising targets given its large amount of DM and proximity to Earth. We report on a search for a monoenergetic spectral line from self-annihilations of DM particles in the energy range from 300 GeV to 70 TeV using a two-dimensional maximum likelihood method taking advantage of both the spectral and spatial features of signal versus background. The analysis makes use of Galactic Center (GC) observations accumulated over ten years (2004 -2014) with the H.E.S.S. array of groundbased Cherenkov telescopes. No significant γ-ray excess above the background is found. We derive upper limits on the annihilation cross section σv for monoenergetic DM lines at the level of 4 × 10 −28 cm 3 s −1 at 1 TeV, assuming an Einasto DM profile for the Milky Way halo. For a DM mass of 1 TeV, they improve over the previous ones by a factor of six. The present constraints are the strongest obtained so far for DM particles in the mass range 300 GeV -70 TeV. Ground-based γ-ray observations have reached sufficient sensitivity to explore relevant velocity-averaged cross sections for DM annihilation into two γ-ray photons at the level expected from the thermal relic density for TeV DM particles.
INTRODUCTION
Cosmological measurements show that about 85% of the matter in the universe is non-baryonic cold dark matter (DM) [1] . A leading class of DM particle candidates consists of weakly interacting massive particles (WIMPs) [2] [3] [4] [5] . Thermally produced in the early universe, stable particles with mass and coupling strength at the electroweak scale have a relic density which is consistent with that of observed DM. In dense DM regions, the self-annihilation of WIMPs would give rise today to Standard Model particles, including a possible emission of very-high-energy (VHE, E γ 100 GeV) γ rays in the final state.
DM self-annihilations are expected to produce a continuum spectrum of γ rays up to the DM mass m DM from prompt annihilation into quarks, heavy leptons or gauge bosons 1 , and γ-ray lines. While the continuum signal is non-trivial to distinguish from other standard broadband astrophysical emissions, the DM self-annihilation at rest into γX with X = γ, h, Z or a non Standard Model neutral particle, would give a prominent and narrow spectral line at an energy E γ = m DM (1 − m 2 X /4m 2 DM ), only limited by the detector resolution given the low (∼10 −3 c) relative velocity of the DM particles. When DM selfannihilates into charged particles, additional γ rays are present from final state radiation and virtual internal bremsstrahlung. This produces bumpy bremsstrahlung features giving a wider line that peaks at an energy near m DM [6, 7] .
Since the DM is strongly constrained to be electrically neutral, the annihilation into monoenergetic γ rays is typically loop-suppressed compared to the continuum signal, and the velocity-weighted annihilation cross section into two photons is about 10 −2 − 10 −4 of the total velocity-weighted annihilation cross section σv (see, for instance, Refs. [8] [9] [10] [11] ). For WIMPs produced in a standard thermal history of the Universe, σv is about 3 × 10 −26 cm −3 s −1 in order to reproduce the observed density of DM in the universe [12] . VHE γ-ray lines can be detected by ground-based Cherenkov telescope arrays such as H.E.S.S. (High Energy Stereoscopic System).
The central region of the Galactic halo observed in VHE γ rays is among the most compelling targets to search for monoenergetic line signals from DM annihilations due to its proximity to Earth and predicted large DM concentration. For WIMPs in the TeV mass range, the strongest constraints so far reach σv ∼ 1 A secondary emission from inverse Compton scattering and bremsstrahlung of electrons produced in the decay chain.
3×10
−27 cm 3 s −1 at 1 TeV [13] using four years of observations of the Galactic Center (GC) region with H.E.S.S.
The energy differential γ-ray flux produced by the annihilation of self-conjugate DM particles of mass m DM in a solid angle ∆Ω can be written as
The first term includes the DM particle physics properties. dN/dE γ (E γ ) = 2δ(m DM − E γ ) is the differential γ-ray yield per annihilation into two photons. J(∆Ω) denotes the integral of the square of the DM density ρ along the line of sight (LOS) in a solid angle ∆Ω. It is commonly referred to as the J-factor [14] . The coordinate r is defined by r = (r 2 + s 2 − 2r s cos θ) 1/2 , where s is the distance along the line of sight, and θ is the angle between the direction of observation and the GC. r is the distance of the observer with respect to the GC, taken equal to 8.5 kpc [15] . In this work, we consider DM density distributions parametrized by cuspy profiles, for which archetypes are the Einasto [16] and Navarro-FrenkWhite (NFW) [17] profiles (See, also, Ref. [18] ). Cored profiles are not studied here since they need specific data taking and analysis procedures to be probed as shown in Ref. [19] .
From ten years of observations of the GC region with the initial four telescopes of H.E.S.S., we present here a new search for DM annihilations into monoenergetic narrow γ-ray lines 2 in the inner Galactic halo [13] . Exploiting the increased photon statistics, we perform the search in the mass range 300 GeV -70 TeV with an improved technique for γ-ray selection and reconstruction and a two-dimensional (2D) likelihood-based analysis method using the spectral and spatial features of the DM annihilation signal with respect to background.
DATA ANALYSIS
The dataset was obtained from GC observations with H.E.S.S. phase I during the years 2004 -2014 as in Ref. [20] with telescope pointing positions between 0.5
• to 1.5
• from the GC. Standard criteria for data quality selection are applied to the data to select γ-ray events [21] . In addition, observational zenith angles higher than 50
We consider as a monoenergetic narrow line each structure that is narrow on the scale of the 10% energy resolution of H.E.S.S.
are excluded to minimize systematic uncertainties in the event reconstruction. The dataset amounts to 254 h (live time) with a mean zenith angle of the selected observations of 19
• . The γ-ray event selection and reconstruction make use of an advanced semi-analytical shower model technique [22] in order to determine the direction and the energy of each event. With this technique, the energy resolution defined as the distribution of ∆E/E = (E reco − E true )/E true has a r.m.s of 10% above 300 GeV. This technique is also very well suited to mitigate the effects expected from the variations of the night sky background (NSB) in the field of view [22] . In the GC region, broad NSB variations may induce systematic effects in the event acceptance and, therefore in the normalization of the signal and background region exposure [19, 23] . A discussion on the systematic effects from NSB variations in the present analysis is given in Ref. [24] .
The search for a DM signal is performed in regions of interest (ROIs) defined as annuli with inner radii of 0.3
• to 0.9
• in radial distance from the GC, and width of 0.1
• , hereafter referred to as the ON region. Following Ref. [20] , a band of ±0.3
• along the Galactic plane is excluded to avoid astrophysical background contamination from the VHE sources such as HESS J1745-290 coincident in position with the supermassive black hole Sagittarius A* [25, 26] , the supernova/pulsar wind nebula G0.9+0.1 [27] , and a diffuse emission extending along the Galactic plane [28] [29] [30] . A disk with 0.4
• radius masks the supernova remnant HESS J1745-303 [31] .
The background events are selected for each observation in an OFF region chosen symmetrically to the ON region with respect to the observational pointing position. The ON and OFF regions are thus taken with same acceptance and observation conditions, and have the same shape and solid angle size as shown in Fig. 1 in the Supplemental Material [24] . Such a measurement technique enables an accurate background determination which does not require further acceptance correction. The OFF regions are always sufficiently far away from the ON region to obtain a significant DM gradient between the ON and OFF regions for cuspy DM profiles. For such profiles, we consider OFF regions which are expected to contain always fewer DM events than the ON regions. Fig. 1 shows an example of J-factor values in the ON and OFF regions for the ROI 2 and two specific telescope pointing positions. For the pointing position P(0.89,0.12), a gradient of about 3.5 is obtained between the ON and OFF regions. See Supplemental Material [24] for more details, which includes Ref. [32] .
We perform a 2D binned Poisson maximum likelihood analysis in order to exploit the spatial and spectral characteristics of the DM signal with respect to background. The energy range is divided into 60 logarithmically spaced bins between 300 GeV and 70 TeV. Seven spatial bins corresponding to ROIs defined as the above-mentioned annuli of 0.1 • width are chosen following Ref. [20] . For a given DM mass, the total likelihood function is obtained from the product of the individual Poisson likelihoods L ij over the spatial bins i and the energy bins j, In the absence of statistically significant γ-ray excess in the ON region with respect to the OFF region, constraints on the DM line flux and velocityweighted annihilation cross section can be obtained from the likelihood ratio test statistic given
In the high statistics limit, TS follows a χ 2 distribution with one degree of freedom [33] . Values of Φ and σv for which the TS value is higher than 2.71 provide one-sided 95% confidence level (C.L.) upper limits on the flux and velocityweighted annihilation cross section, respectively. Uncertainties in the energy reconstruction scale and the energy resolution affect these limits by less than 25%. The systematic uncertainty arising from NSB variations in the field of view modify the limits up to 60%. See Ref. [24] for more details.
RESULTS
We find no statistically significant γ-ray excess in any of the ROIs with respect to the background. A crosscheck analysis using independent event calibration and reconstruction [34] confirms the absence of any significant excess. We derive upper limits on Φ and σv at 95% C. L. for DM masses from 300 GeV to 70 TeV. The left panel of Fig. 2 shows the observed upper limits at 95% C. L. on the flux from prompt DM self annihilations into two photons for the Einasto profile 3 . In order to check that the observed limits are in agreement with random fluctuations of the expected background, we computed expected limits using the likelihood ratio TS from 1000 Poisson realizations of the expected background derived from observations of blank fields at high latitudes where no signal is expected (see Supplemental Material [24] ). For each DM mass, the mean expected upper limit and the 68% and 95% containment bands are extracted from the obtained Φ and σv distributions, and are plotted on the left panel of Fig. 2 . In addition to the statistical uncertainty, the containment bands include the systematic uncertainties coming from the energy scale, the energy resolution and NSB variations in the field of view [24] .
We obtain the largest improvement in the observed flux limits compared to the previous results published in Ref. [13] for a DM particle mass of 1 TeV, where the limits are stronger by a factor of 6. The improved photon statistics, the likelihood analysis method using both ON and OFF Poisson terms and the 2D likelihood analysis method yield an increase of sensitivity by a factor of about 1.4, 1.8 and 1.3, respectively. The remaining improvement factor comes from the improved γ-ray event selection and reconstruction technique used in the present analysis [22] . The 95% C. L. observed flux limit reaches ∼1.6×10 −10 cm −2 s −1 sr −1 at 1 TeV. The right panel of Fig. 2 shows the 95% C. L. upper limits on σv for the Einasto profile, together the natural scale for gamma-ray line signals 4 . The observed and the expected limits together with their 68% and 95% C. L. containment bands are plotted. For a DM particle of mass 1 TeV, the observed limit is σv 4×10 −28 cm 3 s −1 . In Fig. 3 , we show a comparison of our results with the current constraints on the prompt DM self-annihilation into two photons obtained from 5.8 years of observations of the Milky Way halo 5 by the Fermi-LAT satellite [35] and the limits from 157 hours of observations of the dwarf galaxy Segue 1 6 by the MAGIC ground-based Cherenkov telescope instrument [36] . The previous limits obtained by H.E.S.S. from 112 hours of observations of the GC [13] are also plotted.
SUMMARY AND DISCUSSION
We presented a new search for monoenergetic VHE γ-ray lines from ten years of observation of the GC (254 h of live time) by the phase I of H.E.S.S. with a novel statistical analysis technique using a 2D maximum likelihood method. No significant γ-ray excess is found and we exclude a velocity-weighted annihilation cross section into two photons of 4 × 10 −28 cm 3 s −1 for DM particles with a mass of 1 TeV for an Einasto profile. We obtain the strongest limits so far for DM masses above 300 GeV.
The limits obtained in this work significantly improve over the strongest constraints so far from 112 hours of H.E.S.S. observations towards the GC region in the TeV mass range [13] . The new constraints cover a DM mass range from 300 GeV up to 70 TeV. They provide a significant mass range overlap with the Fermi-LAT constraints. They surpass the Fermi-LAT limits by a factor of about four for a DM mass of 300 GeV [35] .
Despite the gain in sensitivity, our upper limits are still larger than the typical cross sections for thermal WIMPs at σv ∼ 10 −29 cm 3 s −1 expected for supersymmetric neutralinos [8] . However, there are several WIMP models which predict larger cross sections. While being not thermally produced, they still produce the right relic DM density. Among the wide class of heavy WIMP models, those with enhanced γ-ray lines (see, for instance, Ref. [38] ) are in general strongly constrained by the results presented here. The present results can be applied to models with wider lines while dedicated analyses taking into account the intrinsic line shapes are required. They include models with γ-ray boxes [39] , scalar [40] and Dirac [41] DM models, as well as the canonical Majorana DM triplet fermion known as the Wino in Supersymmetry [42] .
The limits obtained by H.E.S.S. in this work are complementary to the ones obtained from direct detection and collider production (i.e., LHC) searches. While the latter ones are powerful techniques to look for DM of masses of up to about hundred GeV, the indirect detection with γ-rays carried out with Fermi-LAT satellite and ground-based Cherenkov telescopes is the most powerful approach to probe DM in the higher mass regime, as shown from several studies developed in the framework of effective field theory [43] and, more recently, using the simplified-model approaches (see, for instance, Ref. [44] ). Observations with ground-based Cherenkov telescopes such as H.E.S.S. are unique to probe multiTeV DM through the detection of γ-ray lines.
The upcoming searches with H.E.S.S. towards the inner Galactic halo will exploit additional observations including the fifth telescope at the center of the array. Since 2014, a survey of the inner galaxy is carried out with the H.E.S.S. instrument focusing in the inner 5
• of the GC. This survey will allow us to probe a larger source region of DM annihilations and alleviate the impact of the uncertainty of the DM distribution in the inner kpc of the Milky Way on the sensitivity to DM annihilations. A limited dataset (∼15 hours) of this survey using 2014 observations with the fifth telescope only was used to constrain the presence of a 130 GeV DM line in the vicinity of the GC [45] . Observations including the fifth telescope will allow us to probe DM lines down to 100 GeV. In addition, a higher fraction of stereo events in the energy range from hundred to several hundred GeV is expected from the increased number of stereo triggers between the fifth telescope and one of the recently-upgraded smaller telescopes. Beyond the sensitivity improvement expected from increased photon statistics, the inner galaxy survey will provide a larger fraction of photons in regions of devoid of known standard astrophysical emissions, therefore of prime interest for DM searches. Within the next few years DM searches with H.E.S.S. will enable an even more in-depth exploration of the WIMP paradigm for DM particles in the hundred GeV to ten TeV mass range.
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Supplemental Material: Search for γ-ray line signals from dark matter annihilations towards the in the Galactic halo from ten years of observations with H.E.S.S.
Observational dataset at the Galactic Center and definition of the regions of interest
Optimal observation strategies target regions where a high density of DM and reduced astrophysical γ-ray background are expected. The Galactic Centre (GC) region is among the best target to look for line emission from DM annihilations. The GC dataset is obtained from about 600 observational runs with pointing positions taken up to 1.5
• in radial distance from the GC with the four telescopes of the phase I of H.E.S.S. The dataset is taken with all the telescopes pointed in the same direction in the sky and requires at least that two telescopes are triggered by an event. Given the field of view of H.E.S.S.-I observations and the pointing positions for GC observations, useful photon statistics is obtained up to about 3.5
• . Given the field of view of H.E.S.S.-I observations and the pointing positions, we search for the dark matter (DM) signal in a circular region of 1
• centered at the GC. In order to take into account the different spatial behavior of signal and background, the region of interest is further divided in 7 regions of interest (ROI) defined as rings of width 0.1
• , with inner radii from 0.3 • to 0.9 • . They are hereafter referred to as ON regions. Interestingly, the signal-to-noise ratio (S/N) assuming a cuspy DM distribution as described by the Einasto and NFW profiles, maximizes at about 1
• from the GC. However, the S/N distribution as a function of the angular distance from GC has a smooth dependency from one degree up to a few degrees.
Signal and background measurement
The background for a given ROI is measured for each pointing position of the GC observations with H.E.S.S. I, in the same field of view as for the signal, in an OFF region taken geometrically symmetric to the ON region with respect to the pointing position of the observation as in Ref. [32] . For each pointing direction n p , the ON and OFF regions are constructed for each ROI. For all directions n in a given ROI, the direction n = 2(n · n p )n p − n is computed, which is reflected with respect to the pointing direction. The directions n and n are added to the ON region and the OFF region, respectively, if none of them falls inside an excluded region and if n points closer to the GC than n . The thus obtained ON and OFF regions have the same shapes and solid angles. Such a technique provides an accurate background measurement in an OFF region taken under the same observational and instrumental conditions as for the signal measurement in the ON region. With this background measurement technique, the ON and OFF-source data are taken in the same high voltage or mirror reflectivity conditions because ON and OFF data are taken simultaneously. The main regions of the sky with VHE γ-ray sources are marked as excluded regions, in order to avoid pollution of the DM search by astrophysical processes. Fig. 4 shows the geometrical construction of an OFF region (blue) for a given ON region (yellow) chosen here to be ROI 5. The pointing position is marked by a black cross.
The expected DM signal in the ON and OFF regions is computed using the J-factor values integrated in each region. Examples of the J-factor values in 0.02
• ×0.02
• spatial bins are shown in Fig. 5 for ON and OFF regions using two pointing positions, in Galactic coordinates. The OFF regions corresponding to the ON region ROI 5 are plotted for the pointing positions P(0.72,−0.56) and P(−0.06,−0.85), respectively. For the former pointing position, the J-factor ratio between the ON and OFF regions is ∼2.3, while for the latter it is ∼2.5. In principle, OFF regions at small galactic latitudes (|b| <3
• ) are affected by the diffuse γ-ray emission along the Galactic plane [46] . However, the contribution to the measured OFF fluxes was estimated to be at most at the few percent level and therefore negligible.
Expected background determination and expected limit computation
The expected limits are computed from blank-field observations at high Galactic latitude (|b| > 10
• ). In these extragalactic observations, all VHE sources are excluded to construct a γ-ray background map free from VHE γ-ray source emissions. From this database, the residual background is derived in the same observation conditions as for the GC dataset: for each run, we select from the database the background corresponding to the zenith angle, mirror efficiency and offset of the run. This procedure is repeated for all the runs. It provides the mean expected background map in the inner 1
• for each energy bin, and consequently in all considered ROIs. It is hereafter referred to as the expected OFF distributions in the ROIs. In addition, the expected OFF distributions are weighted to account for the excluded regions used in the observed background determination. 1000 Poisson realizations of the expected OFF distribution and of the expected signal are created for each of the seven ROIs. For each realization, the likelihood ratio test statistic is used for each mass to derive the σv value corresponding TS = 2.71. From the computed σv distribution, the mean of the distribution together the 68% and 95% containment bands are extracted.
Systematic uncertainties on the expected limit
In the GC region, the Night Sky Background (NSB) level is subject to strong variations due to the presence of bright stars in the field of view. It varies from about 150 MHz up to 300 MHz on a spatial scale of one degree. A careful treatment of the NSB in the GC region is carried out using the shower template method as described in Ref. [22] where the contribution of the NSB noise in every pixel of the camera is modelled. This method does not require any image cleaning to extract the pixels illuminated by the shower. In addition, the stability of the semi-analytical shower model analysis against missing pixels in the event reconstruction (dead pixels or switch-off pixels because of bright stars) has been proven and compared to the more standard Hillas analysis.
From regions of the sky with relatively low NSB of about 100 MHz measured in northern-east quadrant to regions with NSB as high as 300 MHz as seen in the southern-west quadrant, a systematic effect of 4% (1σ) in the γ-ray rate is found. Adding 4% more events in the OFF PDFs shifts the mean expected limit as a function of the DM mass from a few percents up to 60%.
Given the above-mentioned background measurement technique on a run-by-run basis, the ratio between the ON and OFF exposures is one. However, a systematic uncertainty may arise from the assumption of azimuthal symmetry in the field of view. For a given telescope pointing position, we stacked all the gamma-ray events falling in a ring of inner and outer radii of 0.5
• and 0.6
• , respectively. The azimuthal distributions of events in this ring are compatible within the expected statistical fluctuations and no systematic effect is found.
In order to estimate the impact of the systematic uncertainty in the energy scale on the limit, we artificially increase and decrease the value of the reconstructed energy of each gamma-ray event by 10%. This shifts the mean expected limit up to 15%. The energy resolution for the H.E.S.S.-I instrument is of 10% above gamma-ray energies of 300 GeV in the analysis method used here [22] . An artificial deterioration of the energy resolution from 10 to 20% implies a shift in the expected limit by 25%.
Dark matter halo profile parametrizations
The DM distribution is assumed to follow a cuspy distribution for which the NFW and Einasto profiles are archetypal parametrizations. The profile parametrisations are given for the Einasto and NFW profiles, respectively, by: 
assuming a local DM density of ρ = 0.39 GeV cm −3 . Table I gives the parameters of the profiles used here. Table II Profiles Einasto NFW Einasto [18] ρs (GeVcm gives the inner and outer radii for each ROI together with its solid angle size and its J-factor for the Einasto profile. Figure 6 shows the impact of the DM distribution hypothesis on the 95% C.L. mean expected limit for the NFW profile [32] and an alternative parametrization of the Einasto profile extracted from Ref. [18] . Their parameters of the DM profiles are given in Tab. I. for the 7 RoIs. The first four columns give the region number, the inner radius, the outer radius, and the size in solid angle for each RoI, respectively. The last column provides the J-factor values for the Einasto profile considered in this work. 
